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Understanding the patterning of near bed flow around an 
obstacle is the first step towards understanding the 
processes that control the depth and extent of any resulting 
scour. Both newly collected and previously published data 
are used to describe flow patterning around a wide variety 
of 3D obstacles in unidirectional flow. The extent, location 
and asymmetry of wake features are shown to vary 
considerably with obstacle size, shape and orientation. The 
along flow extent of affected flow regions is also shown to 
scale with the Reynolds number, up to a critical value 
(Re?104), with implications when modelling flow interaction 
and hence scour at small scales in the laboratory. 
I. INTRODUCTION 
A. The Problem 
Of primary concern to engineers placing structures in 
environments susceptible to scour is the maximum scour 
depth, typically located adjacent to the obstacle. Research 
previously undertaken has tended to focus upon flow and 
scour patterning around two-dimensional (2D) obstacles 
(e.g. horizontal and upright cylinders, e.g. pipelines and 
piles/foundations; sea walls). In comparison, flow and 
scour patterning associated with three-dimensional (3D) 
obstacles, (e.g. short gravity structures; truncated 
cylinders, e.g. anti-ship mines; shipwrecks; or natural 
features, e.g. aeolian or sub-aqueous dunes) is relatively 
poorly understood. 
B. Motivation and scope of the study. 
It is known that primary scour adjacent to obstacles in 
unidirectional flow is the equilibrium response of the 
mobile bed to localised regions of accelerated flow, 
elevated turbulence and/or the setup of pressure gradients 
within a porous bed, [39]. It follows that the depth, extent 
and location of primary scour are related also to the 
magnitude, extent and orientation of affected flow 
regions. The extent of scour or flow disturbance is of 
increasing interest to engineers, particularly within 
groups of structures (e.g. wind farms) where interaction 
might potentially increase maximum local scour depths. 
As has been the case in research towards understanding 
scour in 2D systems, further knowledge regarding the 
flow is required first in order to better understand the 
process that control 3D site geomorphology. It is also 
therefore important to be aware of any potential 
differences in flow patterning when modelling at scales 
smaller than the prototype, especially when the extent, 
location or orientation of the flow features are affected. 
The nomenclature relating to 3D obstacles in 
unidirectional flow will be defined and previously used 
experimental techniques will be summarised. Both 
previously and newly collected data describing flow 
patterning around such obstacles will be compared, to 
illustrate the effect of variation in key parameters and the 
relative importance of the effects of scale. Such 
information might be used in future research as a 
planning tool for experiments or as an approximation of 
flow fields that control scour patterning around 3D 
obstacles. 
C. Nomenclature 
Experiments may be subdivided into groups or types of 
obstacles that produce similar responses. In the first 
instance, obstacles are divided in terms of shape and 
angle of attack. Obstacle shape refers collectively to the 
general dimensions (L, H, W [see Figure 1] and diameter, 
D) which may be grouped as the aspect ratio (Wh=W/H). 
The angularity of the object is typically described 
rounded or bluff (upright faces with sharp vertices). It 
should be noted that these variables may not always be 
obvious or continuous across the whole of an obstacle, 
particularly in the field.  
 
 
Figure 1. Definition of dimensions and ? for 3D objects. 
 
Figure 2. Schematic cross-section of streamlines in the along flow 
direction around a block at ?=90?. Definition of separation (Xs) and 
reattachment (Xr) lengths. Not to scale. 
The angle of attack (?) is the relative orientation of the 
long axis of the obstacle to the flow. For consistency in 
the present study, in the case of a cube or a pyramid, 
?=90? is defined as when one bluff face is perpendicular 
to the flow; this same convention is not necessarily used 
by other researchers. The base or tip angle of a pyramid 
refers to the angle formed between the faces of the prism 
at the specified location. 
In the context of the present study, flows around 
obstacles are charachterised broadly by key length scales, 
namely, the upstream separation and the downstream 
reattachment lengths. The definition of the separation 
length, Xs and the reattachment length, Xr for cubes at 
?=90? is shown in Figure 2. These are typically presented 
relative to the obstacle height or diameter. It should be 
noted that, in the literature there is commonly a 
difference in convention, whereby, in the case of 
cylinders and in some cases for pyramids, distances are 
measured from the center of the cylinder or apex of the 
pyramid, whereas, in the case of cuboids at ?=90?, 
distances are measured from the upstream and 
downstream edges, on the centerline of the obstacle. 
These conventions will cause lengths reported in the 
literature for cylinders and pyramids to appear greater (by 
0.5 X/H) in comparison to cuboids. Herein, data referring 
to pyramids and cylinders have been modified as 
necessary to the method quoted for cubes. In the case of 
cuboids (W/H>1) at ??90?, Xs is measured instead from 
the point on the obstacle furthest upstream, to a line 
intersecting the separation point, perpendicular to the 
flow; Xr is measured as the mean distance from the 
downstream edge to the line of separation (typically near-
parallel to the object axis).  
Apart from actual shape and angularity (e.g. cuboid vs 
cylinder vs pyramid, etc.) obstacles are also typically 
separated by the relative scale of the three main 
dimensions, i.e. long and slender (two-dimensional) or 
short, truncated (three-dimensional) objects. The 
literature concerning scour and engineering in the marine 
environment consider typically flow and/or scour features 
around: vertical cylinders (e.g. wind turbine foundations, 
moorings or foundation piles, etc); horizontal cylinders 
(e.g. pipelines; submarine cables, etc); walls (e.g. 
breakwaters, groynes, etc). As objects of quasi-infinite 
Example 
situation 
Representative 
length scale (m) 
Representative 
velocity scale, U 
(ms-1) 
Prototype 
Reynolds number 
Wh or 
D:L
 
Laboratory:     
Water channels 0.2 0.5 105 (max) 1-20? 
Wind tunnels 0.5-1 30-50 7.5?105 -
2.5?106 (max) 
1-20? 
Prototype:     
Anti-ship 
mines 
D = 0.5 0.2-2 105-106 4-5 
Shipwrecks H = 2-5 0.2-2 4?105-107 2-50 
Piles and 
pipelines 
D = 0.5 0.2-2 105-106 ? 
Wind turbine 
and short 
foundations 
D = 5-10 0.2-2 106-2?107 ? 
Buildings H = 50 20 5?107 1?? 
Bridge piers D = 10-30 0.2-5 2?106-1.5?108 ? 
Table 1. Example length, velocity and Re scales, for selected prototype situations (unidirectional flow). Laboratory entries indicate an 
estimate of the maximum values available from a large facility whilst other (prototype) values are estimates of the typical range of 
values. Key: H=height; W=cross flow width; L=pile length or along flow length; D=diameter. 
 
Figure 3. General location of selected prototype situations listed in Table 1. ‘Physical and numerical experiments’ represent the range of Re 
covered by the majority of the literature describing, in an accessible format, qualitative and quantitative observations of flow around wall 
mounted objects. 
length, these characteristically produce flows that are 
two-dimensional along much of their length. A 
significant proportion of these studies are also undertaken 
with the focus on oscillatory (wave driven) rather than 
unidirectional (tidal or fluvial) flows. The typical length, 
velocity and Re scales of these systems are summarised 
in Table 1 and Figure 3. If an object were to interact 
significantly with the free fluid surface, then the Froude 
number (another dimensionless quantity) might better 
represent the system as a whole when modelling; in this 
case, the Reynolds number may be only of secondary 
importance.  
Outline conditions in Table 1 and Figure 3 also include 
studies and experiments that consider objects of finite 
height/length, typically including: short upright cylinders 
(e.g. spud cans and short foundations); short horizontal 
cylinders (e.g. anti-ship mines and partially undercut 
pipelines); spheres suspended above a bed (prototype 
application unknown); rectangular cuboids and square 
based pyramids (e.g. buildings). Because fluid is able to 
pass more easily around such 3D objects in more than 
one plane, the flow tends to be characteristically three-
dimensional also (eddies and recirculation in a 
combination of horizontal and vertical planes). The 3D 
term applies up to a critical [height:width:length] 
configuration, at which point, the central flow region may 
return to a more two-dimensional pattern, but may 
display 3D characteristics at any terminal points on the 
structure. It is shown in later Sections that flow 
characteristics vary also with the angle of attack of the 
flow to the obstacle faces and to the object as a whole. 
II. PREVIOUS APPROACHES 
A wide variety of approaches have been employed in 
the characterisation of the interaction between 
unidirectional flow and 3D obstacles. These include 
scaled physical modelling, numerical modelling and 
prototype scale observations, described with examples in 
more detail below. Some methods measure flow 
modification directly whilst others (e.g. observation of 
scour) can provide proxy indicators on the basis of the 
link between flow patterning and scour. The data reported 
in the following studies have been extracted where 
possible and form the basis of Section IV. 
A.  Physical Models 
Scaled physical models in wind tunnels or flume tanks 
allow processes and patterns to be investigated at spatial 
and temporal scales smaller than the prototype (1:1). This 
has advantages in the ease and cost of setup, also the 
speed and practicality of making observations and 
manipulating the model variables. Apart from issues of 
scaling, other than those associated with the Reynolds 
number (discussed in more detail elsewhere e.g. 
[12],[45]), such models make fewer assumptions about 
the physical interaction between the flow and the obstacle 
(and potentially also a porous, mobile bed) than some 
numerical models. Hence, prior to the development of 
efficient numerical modelling resources, research 
previously undertaken to characterise the interaction 
between obstacles and flow will typically (and might 
still) employ some form of scaled physical model. 
Previously published studies of flow around three-
dimensional bluff objects present a variety of data and 
information, both quantitative and qualitative. The flow 
response to cubic obstacles (Wh from 1 to 24) has been 
observed at a variety of orientations (typically ? from 90? 
to 45?) and over a range of Reynolds numbers (5?102 to 
7?104).  
Studies have considered the two- and/or three-
dimensional effect for square cross-section cuboids of 
varying Wh ([7],[21],[24],[10],[35]) and the effect of 
varying ? ([13],[34],[35],[36]). However, the total 
volume of data is relatively small and combinations of 
variables tested are discontinuous over the full range. A 
better overall impression is gained by considering other 
shapes also, including square based pyramids (e.g. 
[1],[14]), short cylinders (e.g. [2],[32],[40]) and 
bedforms, in either 2D ([3] ,[5] ,[9],[15],[27],[28],[43]) or 
3D configurations (e.g.[22],[23]). Extensive reviews of 
literature relating to flow around dunes from laboratory, 
field and numerical studies are presented in [4] and [29]. 
Laboratory studies typically use either air or water as 
the fluid medium and a variety of flow measurement or 
visualisation techniques. In most studies, a smooth, fixed 
bed was used. It is anticipated that a large quantity of data 
may potentially be available from the ‘gray literature’, 
e.g. commercial reports of wind tunnel testing of cars, 
ships or other complex structures. These data are less 
easily accessed and the more complex shapes make direct 
comparison with other data difficult. 
B. Prototype Measurements 
Observations have been made previously of airflow 
around large 3D obstacles at full scale. These include 
measurements of air flow in the lee of buildings 
([26],[41]) and over desert dunes ([11],[20],[42]). Studies 
typically used multiple cup or hot-wire anemometers 
mounted on poles to provide discrete measurements of 
wind velocity and direction in vertical and/or horizontal 
profiles. Observations of the occurrence/rate and 
direction of sediment transport are also sometimes 
presented as proxy evidence of flow structure and 
character. In the marine environment, studies have been 
published to describe flow over sub-aqueous dunes 
([16],[17],[30]) and shipwrecks ([19]). Recent studies 
typically use Acoustic Doppler Profilers (ADPs) to 
measure flow along a profile from the instrument in either 
a ship- or seabed-mounted configuration although some 
earlier studies used a manually profiled single point 
current meter. 
The observation of scour patterning using side scan 
sonar or multi-beam swath bathymetry techniques might 
be used to infer local changes in flow strength, direction 
or turbulence that has resulted in changes in bed surface 
texture or measurable sediment accretion or erosion. 
C. Numerical Models 
A number of studies are available in the literature to 
demonstrate the relative merits and example output from 
numerical models. Such studies typically report Re as 
being ‘high’, presumably indicating that the flow is fully 
turbulent; however, the actual value is not always 
reported. One reason for the avoidance of ‘very high’ Re 
may be that such models become computationally 
intensive and ‘expensive’ (i.e. they require either 
substantial computing power and/or long periods of time 
to iterate), [44]. Studies have described aspects of flow 
around cubes ([18],[25]), also over 2D dunes ([31]), 
seamounts ([37]) and vertical piles ([33],[39]). The 
highest value studied was Re?108, using a Computational 
Fluid Dynamics (CFD) model to simulate strong 
unidirectional flow around two adjacent bridge piers by 
[8]. Results are qualitatively similar to flow measured 
directly in the laboratory however, direct quantitative 
comparison is rarely presented.  
The output of numerical models is typically 
summarised visually as 2D (slices) or 3D diagrams of 
streamlines or turbulent intensity and relies upon the 
author to present separately, any derived quantities or 
length scales. Slices made away from the bed and at 
oblique viewing angles mean that key information may 
be difficult to extract from the published work alone. 
Hence, only limited data from numerical models are 
included in the following Sections. 
III.  NEARBED FLOW PATTERNING 
Given the number of possible combinations of the key 
variables, there are extensive gaps in the published data. 
There was also considered to be a lack of detailed flow 
mapping at the level of the bed, the region most important 
to any subsequent interaction with mobile bed material. 
To address these in part, a number of additional 
observations were made using a wind tunnel at the 
University of Southampton, UK. 
The wind tunnel working section had dimensions 0.6m 
wide ? 0.4m tall ? 2m long. The velocity applied was 
16ms-1, measured using a pitot tube in the center of the 
tunnel. Square cross section blocks (3.8cm2 and 6.3cm2) 
of varying Wh (1-10) were placed onto a long flat plate 
mounted at mid-height in the working section. This 
corresponds to Re = 5.3?104 and 8.8?104 for the two 
block sizes, respectively. A printed grid (2?2cm) was 
used with short thread tufts to visualize the flow patterns 
at the bed resulting from various combinations of Wh and 
?. Still photographs and video were then used to map the 
resulting flow patterns. Examples of the data collected are 
shown in Figure 4. Key length scales have been taken 
from these interpretive diagrams where possible and 
included in the following Section. Error bars have been 
placed on the data, on the basis of the resolution of the 
tuft grid used to visualize the flow. 
Although not shown, in most cases where ??45?, 
generally elevated turbulence was observed downstream 
of the obstacle to the extent of the working section. The 
mean flow direction in this distal turbulent wake region 
was dominantly aligned to the X axis. 
Whilst relationships presented in previous Sections 
indicate the response of key length scales in the flow field 
to variation in the key parameters, these graphical 
representations of the full flow field (at the bed) provide a 
more detailed description of the likely patterns of 
sediment transport that will eventually determine site 
geomorphology. Information can be inferred about the 
relative shape and size of areas of recirculation and the 
general location of regions of elevated turbulence. More 
traditional methods of dye visualisation to determine 
values of Xs and Xr are thought to correspond closely to 
those streamlines that provide continuous flow around the 
margins of the wake region. However, if dye is 
introduced at a significant proportion of the obstacle 
height above the bed, then the wake region would be 
apparently reduced in size. 
For blocks at ?=90?, the extent of the wake region 
(Xr/H) increases with Wh whilst flow structures become 
resized and reoriented within this boundary. The 
recirculation regions located downstream of each end of 
the obstacle are typically ellipsoidal, progressing 
gradually from a flow parallel long-axis orientation for 
1?Wh?5, subsequently becoming more rounded and then 
nearly flow perpendicular axis at Wh?10. The width of 
the central region or column of flow reversal increases in 
proportion to H but decreases in proportion to W. 
Patterns of flow are qualitatively similar to that 
observed around a rough wing of equivalent chord and 
camber, at angles of attack to the flow. From ?=90?, the 
wake responds quickly to decreasing ?, becoming 
asymmetric for obstacles of Wh=5&10 by the first 
rotation increment at ?=67.5?. At shallower angles of 
attack (?<45?), points of flow separation and 
reattachment become less distinct using the chosen 
method of visualisation, as flow is preferentially diverted 
around, rather than over the obstacle and full flow 
reversal is no longer observed. In this case, the boundary 
between flow in the ambient direction and regions of 
strong flow deflection is used. This position is thought to 
correspond also to the boundary detected by dye or 
smoke visualisation techniques.  
The extent and intensity of turbulence is also visibly 
reduced at shallow ?, however, deviation of this steadier 
flow was observed at relatively greater distances 
downstream than at larger values of ?. At ?=0?, wake 
regions become localised, charachterised by flow 
deflection and elevated turbulence at the downstream 
end. 
IV. SCALING OF WAKE FEATURES 
Key length scale data were extracted from the flow 
maps presented in Section III and from the variety of 
literature described in Section II. Variation in the key 
flow length scales are charachterised in response to 
changes in the obstacle dimensions and orientation. It is 
suggested that the flow maps might provide a template 
for flow patterning, which is then scaled using the 
following relationships. The importance of working at a 
sufficiently high Reynolds number in order to properly 
scale the wake region is highlighted. 
A. The separation length  
The upstream separation distance (Xs) represents the 
stagnation line at the bed where flow from upstream is 
deflected upwards to meet the top of the primary vortex 
on the upstream face of the object. The primary vortex is 
therefore located and confined within the flow-
perpendicular area formed by the upstream separation 
streamline, the bed and the wall of the obstruction. The 
size of this region controls, to some extent, the size and 
shape of vortical structures along the upstream face and 
the transfer of fluid around the sides of the obstacle with 
implications downstream for flow acceleration, bed shear 
stress distribution, flow structures, etc. It is also 
considered to be the most important region in the 
formation of scour around upright cylinders and so has 
received closer attention from researchers in this field. 
 Figure 4 - Flow vectors at the bed interpreted from video imaging of flow around square cross-section cuboids at angles to the flow, Re=1.37?105. 
Grid spacing is H?H. Solid lines indicate steady flow; dashed lines indicate particularly turbulent flow. For 1?Wh?3, Re=8.8?104. For 5?Wh?10, 
Re=5.3?104.
The variation in separation distance with Re, upstream 
of a vertical, rounded, slender pile of quasi-infinite length 
(i.e. H/D>2 [39]) was studied using a numerical model by 
[33]. They suggest (see Figure 5) that, once in the 
transitional turbulent regime (Re?5?102), the separation 
distance decreases with increasing Re, up to a critical 
value (Re?105), after which the reattachment length 
becomes independent of Re at Xs/D=0.5. Measured 
values from two previous laboratory studies on truncated 
and infinite upright cylinders and data for bluff objects 
are also shown for comparison. 
 
     
Figure 5. Influence of the Reynolds number. Separation distance Xs/D 
or Xs/H . Key: solid curve - model results for a cylinder ([33]) [smooth 
rigid-bed, ?/D =8]; circles – measured data for cylinders ([32], and [2]) ; 
squares and arrows – measured data for cubes [W/H=1 and effect of 
varying the W/H ratio, respectively], various sources. 
The critical Re for rounded objects is theoretically 
higher than for bluff objects, due to the delayed transition 
to super-critical turbulent flow (following migration of 
the lateral separation point to the rear of the cylinder). 
The cause of decreasing Xs with Re in all cases is 
attributed to increased momentum input at higher Re, 
compressing the upstream stagnation point.  
In previous studies, it has been suggested that at high 
Re, Xs/H increases linearly with Wh, up to a critical value 
(Wh=5 [21]; Wh=4 [24]), subsequently becoming 
approximately constant. For the case of square cross 
section rectangular prisms mounted on a flat wall, results 
from a number of previous studies are combined in 
Figure 6. Here, it is confirmed that the normalised 
upstream separation distance (Xs/H) increases at first with 
Wh, up to a critical value Wh?4-5. Beyond this, data 
collected at relatively high Re does possibly then follow a 
constant value (Xs?1.2H) although there is significant 
scatter in the data. The asymptotic value for upright 
slender piles at ‘high’ Re is smaller (Xs?0.5H). An 
asymptotic lower value of Xs/H should exist for infinitely 
long obstacles but could not be determined from the 
available data. 
 
 
Figure 6. The variation in upstream separation length (Xs/H) with aspect 
ratio (Wh), at different values of Re, for rectangular cuboids at 90° to the 
flow. Also shown, the asymptote for upright cylinders (W/H=?) from 
[33], see Figure 5. After [7]. 
The effect of increasing Re is also illustrated in Figure 
6 where observations made at lower Re are of 
progressively higher Xs/H. The Reynolds number 
independence law in modelling suggests that the 
relationship between Xs/H and Wh should be similar for 
Re>104 but insufficient data at greater Re was available 
to validate this here. The asymptotic separation length for 
vertical cylinders (Xs/H=0.5) is achieved at a higher value 
of Re (>105) ([33]), due to the corresponding migration of 
the separation point for cylindrical obstacles. On the basis 
of data shown in the Figure at Re=5?104, it is thought 
that the asymptotic value for bluff objects at Re>104 may 
lie closer to Xs/H=1.2. 
 
 
Figure 7. The variation in upstream separation distance with angle of 
attack: square based pyramids of various tip angle ([1]); cubes ([34]); 
cuboids, W:H=3.08 ([13]). 
A number of studies have provided photographic 
information of the location of Xs for cuboids placed at 
angles to the flow. These data were extracted and are 
compared in Figure 7 with the separation distance 
upstream of bluff, wall-mounted square based pyramids 
of varying tip angle. The Figure shows that for a variety 
of bluff obstacle shapes, the upstream separation distance 
is reduced when the upstream face is presented at 
increasingly oblique angles to the flow. The separation 
distance is maximized when the upstream face is 
perpendicular to the flow. Generally lower values of Xs/H 
measured for pyramids at similar ? is attributed primarily 
to reduced resistance to flow over the obstacle due to the 
inclined upstream face(s). 
In combination, three main points are demonstrated: 1) 
Xs is reduced at progressively higher Re; 2) the upstream 
stagnation point is smaller for obstacles with rounded or 
inclined faces; 3) increasing Wh causes Xs/H to increase 
also (?=90?); and 4) a smaller value of ? reduces Xs. 
B. The reattachment length 
The nature of the wake behind an object determines 
locally, the amplitude and direction of velocity, shear 
stress and fluid/sediment transport vectors in that region. 
The downstream extent of the principally affected wake 
region is described by the reattachment length (Xr), 
defined as the length between the object and the flow 
stagnation point at the bed downstream (see Figure 2). 
Stream lines start typically at or just above the apex or 
highest part of the downstream end of the obstacle and 
intersect the bed at Xr. At the top of this region, 
momentum is transmitted vertically downwards through a 
turbulent shear layer and a recirculation cell is developed, 
with corresponding regions of flow reversal close to the 
bed and regions of ascending and descending flow. At 
lower values of ?, full recirculation is not established and 
Xr refers instead to the width of the region of strong flow 
deflection (also bounded vertically by a strong shear 
layer). Beyond Xr, the flow direction returns to ambient 
but at a reduced velocity magnitude and with increased 
turbulence (at high ?). A wide variety of studies into 
aeolian and sub-aqueous dunes have estimated the 
distance needed for full flow recovery at between 10 to 
>75H, but more typically 25-30H, beyond Xr. 
 
 
Figure 8. Reattachment length varying with Reynolds number. All data 
for unit dimension cubes (W=H=L) except for Ikhwan [14] for 
pyramids and Pattenden et al. [32] for a short upright cylinder (H=D). 
Only limited data is available to describe the effect of 
the Reynolds number on the downstream flow extent; the 
data found for unit dimension objects are shown in Figure 
8. An upper limit for cubes at Re>104 is proposed of Xr 
?1.5-2.0H. The limited data demonstrate a slight increase 
in Xr/H for cubes with increasing Re, however, 
insufficient data is available for directly comparable cases 
(of the same Wh) to comment with any confidence on 
changing patterns of Xr with Re. However, it can be 
observed that Xr/H is generally smaller for obstacles with 
rounded or inclined upstream (and downstream) faces. 
The effect of increasing Wh is shown in Figure 9 for a 
range of Reynolds numbers and a variety of object shapes 
(cuboids, pyramids and cylinders) perpendicular to the 
flow. The reattachment length increases with Wh, 
becoming nearly constant for Wh>10-15 (Xr/H?7-8); this 
corresponds closely to the point at which two-
dimensional flow is established in the central section. 
Increasing the along flow aspect ratio (L/H) for a bluff 
obstacle Wh=10 results in decreasing Xr/H according to 
previously collected data reported in [14]. As this was the 
only data set found, it has not been considered in detail 
herein. 
 
 
Figure 9. Reattachment length with object aspect ratio. Data 
representing a range of Re>104 around cuboids, except Sousa [38] 
(Re=3.21?103), Ikhwan [14] and Abuomar & Martinuzzi [1] (pyramids), 
Testik et al. [40] (short horizontal cylinder, Re=3?102-3?103) and 
Pattenden et al. [32] (short vertical cylinder).  
Data for pyramids follows a similar pattern to cuboids 
but at a lower overall value. Hence, the shape and 
inclination of the faces of an obstacle also control, to 
some degree, the reattachment length of the flow. In 
regions of essentially 2D flow within the system (i.e. the 
central wake region of objects with large Wh and at 
??90?), lee side flow intensity and direction are 
relatively uniform but may vary subtly due to the 
formation of cells in the upstream primary vortex and the 
development of preferential paths for fluid transfer over 
the obstacle. In comparison, lee side streamlines in 3D 
flow regions (at the ends of the obstacle, or, at smaller 
W:H or ?) contain stronger cross-flow components of 
velocity. Patterning becomes more sensitive to the plane 
of observation and also to the object dimensions and 
orientation.  
Around objects with large W:H and at smaller values 
of ?, the down stream flow direction and intensity may 
be sensitive to physical parameters in a similar manner to 
an aeroplane wing stalling, i.e. stream lines are affected 
by the ‘wing’ chord, camber and roughness. This may 
manifest as large scale attachment of flow around long 
objects, or, as smaller scale flow features around 
individual faces or edges of obstacles. As an example of 
the latter, [6] liken the flow around a cube at ?=45?, to 
the flow around a delta-wing. They also describe that the 
near wake and pressure field are dominated by strong 
vortices shed from the top of the cube; this has a marked 
effect on the axial components of velocity but appears 
then to decay rapidly, becoming similar to those behind a 
cube at ?=90? at around 6H downstream. 
The effect of angle of attack on a bluff object is to 
modify the shape, cross-section area and attitude of the 
obstruction face(s) presented to the flow; this affects flow 
aligned pressure gradients and may promote preferential 
flow channels along any inclined upstream faces. 
Presenting the results of wind tunnel tests of flow around 
cubes, [34] summarise that the value of ? influences 
strongly: the position of the stagnation point on the cube 
surface; the positions of reattachment and separation; and 
the magnitude and distribution of pressure on the 
[obstacle] surface. [34] present a sequence of eight 
images of flow around a unit cube at Re=6.3?104, where 
? is varied between 90? and 45?. These show that the 
distribution of flow around the object is symmetrical 
when the shape presented to the flow is also symmetrical 
(for rectangular prisms at 90? and 0?, also at 45? in the 
case of cubes and pyramids). Likewise, the flow (4-6H 
downstream) becomes asymmetrical at intermediate ?; 
the greatest asymmetry was observed in this case at 
?=65?. In plan view, the larger or more dominant 
downstream vortical flow structure is observed on the 
side of the obstacle presenting a leading edge furthest 
upstream.  
 
 
Figure 10. Reattachment length with angle of attack. Data from flow 
visualisation experiments: pyramids at varying tip angles, Abuomar and 
Martinuzzi [1]; and cuboids (W/H=3.08), Hunt et al. [13]. 
[1] and [14] describe a number of wind tunnel 
experiments, investigating the flow around wall-mounted 
square base pyramids at 3.3?104 and 1.2?104-9?104, 
respectively. In the experiments undertaken by the latter, 
the pyramid base length and the flow rate was held 
constant, making the pyramid height and corresponding 
Re, proportional to the slope angle. Results from these 
studies indicate that pyramids with shallower slope angles 
have a shorter reattachment length. This seems more 
likely to be related to decreasing slope angles, rather than 
to varying Re.  
In [1] it is also shown that by normalizing to the 
projected area of a square-based pyramid to the flow, 
flow separation and reattachment lengths for pyramids of 
different base angle collapse onto almost one curve. This 
removes the effect of obstacle face slope but not the angle 
of attack. 
 
V. SUMMARY AND CONCLUSIONS 
Combining previously reported data (including 
photographic data, not shown herein) with the results of 
the present study, the following general observations can 
be made: 
The presence of a 3D obstacle to flow cases localised 
flow disturbance, including deviation of flow direction, 
regions of elevated turbulence and likely also regions of 
modified mean velocity (measurements not shown here). 
For cubic obstacles, the location, extent and character of 
these regions are a function of the object aspect ratio, 
orientation and possibly the Reynolds number. The along 
flow aspect ratio (L/H) is also thought to have some 
effect, typically decreasing Xr/H. Cuboids with bluff 
faces result in the most extensive wake both up and down 
stream of the obstacle. Rounded obstacles (e.g. cylinders) 
or obstacles with inclined faces (e.g. pyramids) of similar 
dimensions will be less extensive.  
The flow field may be qualitatively reconstructed by 
using a template flow pattern for a given orientation, 
scaled then by using Wh and Re to estimate key length 
scales of Xs and Xr. Flow field prediction around 
proposed full scale 3D structures may be used to infer 
likely patterns of bedload transport, regions of potential 
erosion or deposition and the extent and location of wake 
regions further downstream that may interact with other 
nearby structures. 
Scaled physical models investigating interaction of 
unidirectional flow with obstacles for purposes of flow or 
scour modelling will typically operate at a lower value of 
Re than the prototype case. This may potentially affect 
the relative scaling of flow structures with implications 
for the scaling of any resulting bed morphology. 
Changes in the key length scales associated with 
varying the aspect ratio are most rapid for objects Wh<10. 
Changes in the key length scales associated with varying 
the orientation are most rapid at 70????90? and 
20????0?. Extensive local modification of the flow 
direction is seen in all cases except that of flow parallel 
(?=0?). In most cases, turbulence is visibly increased in 
the wake region, however, longer obstacles at lower 
angles of attack may not demonstrate this.  
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